Spatial and Temporal Continuity of Kangaroo Rat Populations Shown by Sequencing Mitochondrial DNA from Museum Specimens by Thomas, W. Kelley et al.
  
Spatial and Temporal Continuity of Kangaroo Rat Populations Shown 
by Sequencing Mitochondrial DNA from Museum Specimens 
W. Kelley Thomas,  Svante Paabo,  Francis X. Villablanca, and Allan C. Wilson
 
 
Surnmary. The advent ofdirect sequencing via the 
POlymerase chain reaction (PCR) has opened up the 
Possibility of molecular studies on museum speci­
~~ns. Here we analyze genetic variation in popu­
attons over time by applying PCR to DNA extract­
ed from museum specimens sampled from 
iPulations of one species over the last 78 years. 
ncluded in this study were 43 museum specimens 
o_fthe Panamint kangaroo rat Dipodomys panamin­
lLnu.s from localities representing each of three geo­
graphically distinct subspecies. These specimens 
:were originally collected and prepared as dried skins 
10 1911, 1917, or 1937. For each specimen, a 225­
bp segment of the mitochondrial genome was se­
quenced. These mitochondrial DNA sequences were 
compared to those of 63 specimens collected at the 
same localities in 1988. The three subspecies were 
n~arly completely distinct. Only 2 of the 106 indi­
VIduals shared mitochondrial types between sub­
species. For all three localities, the diversity levels 
~ere maintained between the two temporal samples. 
he concordance observed between the two tem­
Porally separate phylogenies supports theuse ofmu­
seUtn specimens for phylogenetic inference. This 
study demonstrates the accuracy and routine nature 
of_ the use of museum specimens in the analysis of 
~~ochondrial sequence variation in natural popu­
hons and, importantly, that a temporal aspect can 
now be added to such studies. 
region - tRNA genes - Population dynamics ­
Population tree- Molecular trees 
Introduction 
Over the past 10 years, mitochondrial DNA 
(mtDNA) has been a productive source of infor­
mation about genetic variation at and below the 
species level (for reviews, see Wilson et al. 1985; 
Hamson 1988). However, because these studies have 
been restricted to the analysis of present-day pop­
ulations, they represent a static view of the historic 
processes that shape the genetic variation detected 
in contemporary populations. Due to recent tech­
nical advances brought about by the polymerase 
chain reaction (PCR) (Kocher et al. 1989; Paabo et 
al. 1989; White et al. 1989), and because for some 
species samples ofpopulations were collected many 
decades ago and preserved as museum study spec­
imens, it is now possible to overcome these short­
comings and compare the genetic variation in zoo­
logical and archaeological collections with that in 
populations living today. 
Among the vertebrates preserved in museums, 
the rodents of western North America stand out in 
the extent of their collections that go back to the 
early decades of this century. This is especially so 
for the kangaroo rats (Dipodomys), a North Amer­
ican endemic group (family Heteromyidae) of 20­
24 species that inhabit deserts and other arid hab­
itats. Our study utilizes multiple skins available from 
populations of the Panamint kangaroo rat, Dipod­
omys panamintinus, which consists of five subspe­
cies that occupy five nonoverlapping regions in Cal­
ifornia and Nevada (Fig. 1). 
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Fig. 1. Geographic ranges occupied by five subspecies (A-E) of 
Dipodomys panamintinus as given by Hall ( 198 I). Arrows mark 
the three localities-A with D. p. mohavensis, B with D. p. cau­
datus, and C with D. p. panamintinus-where samples of sub­
species were collected. The exact localities sampled are described 
funher in the Materials and Methods. 
The three subspecies examined here, A, B, and 
C, include populations occurring in stable undis­
turbed habitats that have experienced no known 
sources of population reduction between the sam­
pling dates. Based on the size ofthe geographic range 
(Hall 1981 ), the subspecies sampled with the largest 
population size (Table 1) is A (Dipodomys pana­
mintinus mohavensis). The second subspecies, B 
(Dipodomys panamintinus caudatus), has a smaller 
range and is geographically the most isolated of all 
the subspecies, whereas the third subspecies sam­
pled, C (Dipodomys panamintinus panamintinus), 
has a very restricted range and the populations sam­
pled have relatively low densities. 
Through the analysis ofvariation in the mtDNA 
sequences of these kangaroo rats, we investigate the 
evolutionary history oftheir populations in two ways. 
One way is through estimates of genetic diversity 
and levels of pairwise sequence difference that are 
indicators ofpopulation size. By sampling each pop­
ulation at two time points, we directly investigate 
the maintenance of diversity in these natural pop­
ulations. In addition, information on biogeographic 
substructuring and potential migration events dur­
ing the evolution ofthis species is derived from the 
phylogenetic relationships ofthe individuals in these 
populations. Genetic continuity and timing of po­
tential immigration events in these populations are 
Table 1. Rough estimates of population sizes for three subspe• 
cies of Panamint kangaroo rats, Dipodomys panamintinus 
Popula­
tion Approximate 
density population 
Geographic (number/ size 
Subspecies area (km2) km2) (thousands) 
A, mohavensis 20,000 295 1060-5900 
B, caudatus 6000 105 318-1770 
C, panamintinus 500 53 27-148 
Range sizes were estimated from Hall (1981 ). Population den­
sities are based on trapping efficiencies per night at each locality. 
Maximum and minimum population sizes are based on the range 
of densities found at all three localities 
assessed by comparisons of lineages between the 
museum specimens and modern samples. 
Materials and Methods 
Sampling Localities. Contemporary collections were made from 
August to October 1988 at the same localities determined from 
review of the original collectors' field notes.' Fourteen museum 
skins from 1911 and 20 modem specimens of D. p. mohavensis 
came from the western slope ofWalker Pass, Kern County, Cal­
ifornia (1400 m). The D. p. caudatus samples included 21 mu­
seum skins from 1937 and 19 modem specimens from 9.7 km 
south of Granite Well , Providence Mountains, San Bernardino 
County, California (1158 m). Fourteen museum specimens from 
1917 and 24 modem D. p. panamintinus individuals were sam­
pled from 3.0 to 5.0 km northeast of Jackass Spring, Panamint 
Mountains, lnyo County, California (2079 m). See the Appendix 
for specimen numbers of these 112 animals. Samples ofD. heer­
manni [Museum ofVertebrate Zoology (MVZ), specimen FC2894] 
and D. ca/ifornicus (MVZ-FC2602) were taken from frozen liver 
specimens. AU modern specimens were collected using live-trap­
ping techniques for small mammals, with linearly arranged trap­
lines and trap stations at fixed inte.rvals occupying a total area 
ofapproximately I km2• Museum specimens were snap-trapped. 
DNA Extractions. A half gram of liver from modem speci­
mens or 1-3 mm' of dried skin tissue from museum specimens 
was digested in 8 ml of I 0 mMTris-HCI (pH 8.0), 2 mM ethylene­
diamine tetraacetate (EDT A), I 0 mM NaCI, I o/o sodium dodecyl 
sulfate, 10 mg/ml ofdithiothreitol, and 0.5 mg/ml proteinase K 
at 37°C with constant gentle mixing for approximately 20 h. The 
resulting solution was extracted twice with phenol (pH 8.0) and 
once with chloroform/isoamyl alcohol (24: I). For museum spec­
imens approximately I 0% of the extract was then concentrated 
and desalted on a Centricon 30 microconcentrator (Amicon). In 
the case of fresh liver, total nucleic acids were recovered from 
the extract by the addition of 2.5 volumes of ethanol and cen­
trifugation. 
Amplifications and Sequencing. The PCR was performed in 
50-1'1 reactions containing 67 mM Tris-HCI (pH 8.8), 2 mM 
MgCI,, 10 mM P-mercaptoethanol, 250 I'M each ofdGTP, d.ATP, 
'Original field notes are located at the Museum of Vertebrate 
Zoology, University of California at Berkeley. Copies of field 
notes are available from F.X. Villablanca 
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Fig. 2. Amplification scheme for a specific segment ofD. pan­
~nincinus mtDNA. Primer A is the versatile Ll5926 primer of 
OCher et at. (1989) with sequence 5'-TCAAAGCTTACAC­g~GTCTTGTAAACC-3'. Primer B, 5'-GTACGTGTCAC­
AAAATCT-3', is specific for the control region of kangaroo 
rat mtDNAs. Thr and Pro denote the lRNA genes for threonine 
~~d Proline, TAS refers to the termination-associated sequence 
rown et al. 1986), and D loop indicates the displacement loop. 
~TTP, and dCTP, 2 pg/ml bovine serum albumin (Sigma. frac­
(~n ~· and 12.5 units of Thermus aqualicus DNA polymerase 
erkio Elmer-Cetus). Thermal cycling was done in a program­
mabl~ ~eating block (Perkin Elmer-Cetus). 
( lnlhal amplifications of the entire major noncoding region 
control region, including the D loop) of frozen specimens ofD. 
r~nami11tinus and D. heerma11ni employed the versatile primers 
a 59_26 and H651 described by Kocher et a!. (1989). Subsequent 
dm~bficationswere performedwith Ll5926 and an internal primer 
/st&nated Dpd3 (Fig. 2). Dpd3 was used in order to reduce the 
e": .or the fragment being amplified, because that increases the 
P"·~ency ofamplifications from old templates(Piiabo et al. 1988; 
Blibo 1989). Amplifications with Ll5926 and Dpd3 were carried 
0~t by denaturation at 92"C for 30 sec, annealing at SO"C for 1 
mJn, and extension at 72"C for 1 min. Amplilications from mu­
seum sp ·eC!mens required 40 cycles. whereas modern DNA ex­
1 
s:ts re~uired 30 cycles. Extraction controls, where no museum 
w or hver was included during the extraction procedure, as 
1re: 1~s a~plification controls, in which water was added to the 
S Chon tn place of tissue extract, were performed throughout. 
aUch .controls are imperative to ensure that the sequences being 
t mpltfied are from the specimens being examined and not due 
0 laboratory contamination (Pliabo 1990). 
4%Amp~ification products were resolved by electrophoresis in a Cth '~uS,eve agarose gel in Tris-acetate buffer and stained with 
the'~•um bromide to visualize the DNA. One to 2 pi of each of 
a •~lated double-stranded bands were used as templates for 
eOlphfications during which templates for sequencing were gen­
l~ed by t.he unbalanced priming method (Gyllensten and Erlich 
Pert;8). Thmy cycles under the same conditions as above were 
d ormed, with the exception that one of the primers was re­
uCCd 100-fold in concentration. After centrifugal dialysis onCent · r. neon 30 microconcentrators. 7 ,.,.1 of the retentate was used ~r SC<luencin& using the dideoxynucleotide chain termination 
P ethod and Sequenase enzyme (United States Biochemical). The 
arOducts of the sequencing reactions were resolved in 6% poly­
cryiarn.id~7 M urea wedge gels and autoradiographed. 
v·dSeqkence Analysis. Mean pairwise differences between iodi­
f~ . uals were calculated as the percentage of positions where dif­
rences were observed. For comparisons ofindividuals from one 
PoPulati · on With those of another population, Eq. (I) was used. 
D - Dxv- 0.5(Dx + Dv) (I) 
Where D · h)( IS I e corrected mean difference between populations 
and y D . h b 'ffi be hPo • xv IS t e o served mean d1 erence tween t c two 
D P.ulations, D,. is the mean difference within population X, and 
" 
15 the corresponding value for population Y (cf. Wilson et al. 
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Fig. 3. Sequencing gel demonstrating the quality of the results 
obtainable from museum specimens. The six sequences are from 
specimens collected at locality Bin 1937, and the sequences from 
lefl to right correspond to mtDNA types B4, 84, Bl, B7, 86, and 
8 2. Nucleotide positions are numbered as in Fig. 4. 
1985: Cann et al. 1987). The genetic diversity (b) was calculated 
as in Nei and Tajima (1981). Sequences were aligned with the 
aid of ESEE (Cabot and Beckenbach 1989). The genealogical 
relationships among the mtDNA types were obtained by parsi­
mony analysis using PAUP (Swofford 1989). 
Results 
DNA Sequence Variation 
For each of the 63 modem and 49 museum speci­
mens (ofD. panamintinus) extracted and amplified, 
a single double-stranded product was visible after 
 tRNAThr lltRNAPro 
* * TGAGA AAATA TTTCT CTCAA AGCAT CAAGG AGAAG 
30 
~Control region
• 
TTAAA CTACT CCTTG CAT<iT ACATC GTGCA 'l'TATT 
90 
* * * • 
* ACTTG CATCC TACCT CCAAC TCCCA AAGCT GGAAT TCTTT 
60 
• • • * • • * ••• * 
CThTA GCCAC ATACA ATATT GTACC GTACA TAAGA ATCAT 
120 150 
• * *** • * * • * * * ••AAACG TACAT AATAC ATTAG ACATT AATCC ACATA ACTTC TTGCC ACCAT GGATA TCGTC ACAGT AACCA AAATT 
180 
Fig. 4. Sequence for 225 bp of mtONA, type AI, from D. 
panamintinus. The sequence shown is for the light strand. As­
terisks mark the J9 variable positions among 23 types of D. 
panamintinus mtDNA; diamonds mark the 14 positions at which 
the D. californicus mtDNA, which was sequenced for positions 
88-225, exhibits unique substitutional differences from D. pan­
aminlinus (see Fig. 5). Boundaries of the three regions of the 
genome are indicated; the termination-associated sequence ofthe 
control region is underlined. 
') ,o .,o ,'I!', ...., .....,.;;,to"-,1.o,-.'~-,.,..,'ll'),rl', .. to,.,o'~-,_o"',_,o,.,'),_.,o 
A1 A A G C G T T A G C T G C C G A C A A 
A2 C A A C C A C A T 
A3 A G 
A4 A C A T 
A5 A c T 
A6 A 
A? A A T 
A8 A C A c A T 
A9 T A A G A 
AlO c A c T 
All T A A C G 
Al2 A A • A 
Bl T A C A C A A T 
82 G T A C A C A A A T 
83 T A C A A A T 
84 T A C A C A T 
85 T A C C A C A A T 
86,C5 T A C A c A A G T 
87 T A C A C A A T G 
Cl A CAT C T T G 
C2 A c T C T T G 
C3 A A 
C4 c A C A T C T T 
D cal A A • . AT A 
Fig. s. Nineteen variable positions among the 106 D. pana­
mintinus mtDNAs sequenced. The nucleotide at each variable 
position in type AI is given. In all other types the nucleotide is 
given where different from AI , with identity being indicated by 
a dot. For D. cali/ornicus the sequence at positions variable in 
D. panamintinus is shown. Dipodomys ca/ifornicus differs at 14 
additional sites (Fig. 4) and has a single inserted nucleotide that 
is not found in any D. panamintinus mtDNA. 
30 or40 cycles ofPCR. Typical sequencing reactions 
from modern and museum tissues gave single un­
ambiguous sequences (Fig. 3). For each specimen, 
a total of 225 bp of sequence was determined. The 
sequence for this region (Fig. 4) appears, by infer­
ence from sequence similarity with mouse and other 
vertebrate mtDNAs (Bibb et al. 1981; Roe et al. 
1985), to include three functionally distinct regions: 
(1) a partial sequence for the tRNAThr gene, (2) the 
complete sequence ofthe tRNAPro gene, and (3) 135 
bp of noncoding sequence in the putative control 
210 
Table 2. Nonrandom distribution ofvariables sites in a segment 
of D. panamintinus mtDNA 
Variable sites 
Size Ob-
Region (bp) served Expected 
tRNAs 90 3 7.6 
Termination sequence (TAS) 50 I 4.2 
Remainder of control region 85 15 7.2 
Total 225 19 19 
Regions are defined as in Fig. 4: tRNAs, positions l-90; termi­
nation sequence, positions 92-14I; remainder ofcontrol region 
(D loop), positions 9I and 142-225. The expected values assume 
a random distribution of variable sites. The probability that the 
observed distribution could occur by chance is less than 0.005 
(chi-square = 13.67, 2 df) 
region (Fig. 2). From position 92 to 141 the sequence 
has the potential to form a stem-loop structure that 
is analogous to a region ofproposed secondary struc­
ture [called the termination-associated sequence 
(TAS)J implicated in the termination of the D-loop 
strands in other mammals (Saccone et al. 1985; 
Brown et al. 1986). By contrast, the sequence from 
142 to 225 shows no clear identity to the control 
region ofother vertebrates, which is expected owing 
to the high rate of evolution of this segment of the 
control region. 
Among 106 D. panamintinus individuals, 19 of 
the 225 positions in the sequence are variable (Figs. 
4 and 5). As expected for closely related populations, 
the variation in these sequences is predominantly 
due to transitions (Greenberg et al. 1983). Trans­
versions are seen at only three positions (10, 152, 
and 194), and each of these positions has experi­
enced two or more changes. No length variation was 
evident among the mtDNAs of D. panamintinus 
individuals. When comparisons were made ofmore 
distantly related control regions from other species 
of Dipodomys, some length differences were en­
countered (legend to Fig. 5; W .K. Thomas and F.X. 
Villablanca, unpublished). 
From Fig. 4 it is clear that most of the variation 
is limited to the 3' end of the sequence, outside the 
tRNA genes and theTAS. Ifthe sequence is divided 
into the three proposed functional domains (i.e., 
Table 3. Mitochondrial DNA genotypes of 106 modem and 
museum specimens of kangaroo rats from three subspecies 
Number NumbermtDNA mtDNA 
type Mod Mus type Mod Mus 
AI 5 4 Bl l6 13 
A2 4 0 B2 2 3 
A3 4 0 B3 I 0 
A4 3 0 B4 0 2 
A5 2 2 B5 0 
A6 I 0 B6 0 l 
A7 1 0 B7 0 1 
AS 0 J Total 19 21 
A9 0 2 
AJO 0 2 Cl 19 5 
All 0 I C2 2 0 
Al2 0 2 C3 2 
Total 20 14 C4 I 
C5 0 1 
Total 24 8 
The letters A, B, and C represent the three subspecies. All modem 
(Mod) specimens were collected in 1988; the museum (Mus) 
Specimens were collected in 1911, 1937, and 1917, respectively, 
for A, B, and C. The Appendix lists thespecific indi vidua1s having 
each type ofmtDNA 
tRNA, T AS, and D loop), the distribution of vari­
able sites among them does not fit with random 
expectations (Table 2), due to a relative lack ofvari­
able sites in the tRNA and T AS region compared 
to the D loop. 
Diversity ofmtDNA Types 
~wenty-three mitochondrial genotypes were iden­
ttfied among the 106 individuals analyzed (Fig. 6 
and Table 3). Twelve of these types occur in the 
geographically most widespread subspecies (A), sev­
en in subspecies B, and five in the subspecies with 
the most limited range (C). Only one mitochondrial 
type (B6, CS) was shared between geographically 
defined subspecies, and it was uncommon in both 
subspecies (Table 3). 
Pairwise differences among all mitochondrial 
types are given in Table 4. Up to 12 differences are 
found between the most divergent types. Estimates 
ofthe mean pairwise difference between individuals 
at each locality were made for each temporal sam­
Ple. The values range from 0.5 (i.e., 0.22%) for the 
1988 sample at locality B to 3.9 (i.e., l.72%) in the 
1988 sample from locality A (Table 5). In addition, 
comparisons were made between the A, B, and C 
POpulations. The mean numbers of differences be­
tween individuals ofdifferent populations were 6. 7 
for A vs B, 6.4 for A vs C, and 6.2 forB vs C. Thus, 
th.ey consistently exceed the mean differences found 
Within populations. 
Estimates ofgenetic diversity, or the probability 
! 
>­0 
~ 
~ 
0.3 
A 
34567 1 2 3 4 5 
Mitochondrial DNA type 
Fig. 6. Frequencies of mitochondrial types found at three lo­
calities at two different times. The values shown are computed 
from the data in Table 3. For each subspecies the solid bars 
represent collections made in 1988; the striped bars represent 
collections made in 1911 for subspecies A, 1937 forB, and 1917 
fore. 
that any two individuals chosen at random wiU be 
of different mitochondrial types, for the C sample 
(0.64 and 0.37) are not less than those forB (0.61 
and 0.29) (Table 5). By contrast, diversity estimates 
for population A (0.89 and 0.86) are higher than 
any of the estimates for localities B and C. 
Genotype Maintenance over Time 
Of the 12 A types, only 2 (Al and AS) are shared 
between the 1911 and 1988 samples (Fig. 6). At 
locality B, two of the six lineages (B 1 and B2) are 
shared between the temporal samples. From locality 
C, with the subspecies having the smallest popula­
tion, three ofthe five lineages (Cl, C3, and C4) are 
found in both the 1917 and 1988 samples. For both 
temporal samples of the B and C populations, one 
of the shared types is found at a high frequency (62­
84%), namely, type B1 in population B and Cl in 
population C (Fig. 6). 
Phylogenetic Relationships 
Population Tree 
A UPGMA (unweighted pair-group method us­
ingarithmeticaverages) tree relating the populations 
studied was constructed from corrected interpopu­
lation distances, calculated with Eq. (1), which cor­
rects for variation within populations (Fig. 7). The 
mean pairwise differences between temporal sam­
ples (when corrected for variation within each sam­
Table 4. Pairwise differences among 23 Dipodomys panamintinus mitochondrial genotypes and one from Dipodomys californicus 
Genotypes 
compared AI A2 A3 A4 AS A6 A7 A8 A9 AlO All Al2 
AI 
A2 
A3 
A4 
AS 
A6 
A7 
A8 
A9 
AIO 
A ll 
Al2 
- 7 
2 -
0 2 
I I 
I I 
0 2 
0 2 
I 1 
I 1 
2 0 
I I 
0 2 
2 
6 
-
I 

I 

0 
0 
I 
1 
2 
I 
0 
3 
4 
2 
-
0 
1 
I 
0 
2 
I 
2 
l 
2 
5 
I 

I 

-
1 
I 
0 
2 
1 
2 
I 
I 
6 
I 
2 
I 
-
0 
I 

I 

2 
I 
0 
3 
6 
3 
2 
3 
2 
-
I 
I 
2 
I 
0 
5 
4 
4 
2 
3 
4 
4 
-
2 
I 
2 
1 
4 2 4 3 
5 5 7 4 
2 I 2 3 
2 I 4 2 
3 0 3 3 
3 I 3 2 
3 3 5 2 
4 3 6 4 
- 4 2 I 
I - 4 3 
0 I - 3 
I 2 1 
-
Bl 1 0 0 L I 0 2 I 2 
B2 2 2 2 I I 2 2 I 3 2 3 2 
B3 0 0 0 2 2 J 
8 4 0 0 0 2 2 
BS 0 0 0 2 2 
86 0 0 0 2 2 
B7 0 0 0 2 2 
Cl 0 0 0 2 2 
C2 I I J 0 0 I I 0 2 2 I 
C3 0 2 0 0 0 2 0 
C4 2 0 2 I I 2 2 1 0 2 
C5 I I I 0 0 I I 0 2 I 2 I 
D. ctJii/ornicus 8 9 8 9 9 8 8 9 8 9 8 8 
For each pair ofsequences, the number oftran.sitions is given above the diagonal and the number of transversions below the diagonal. 
Boxes highlight intrasubspecific differences. Interspecific comparisons ofa D. caltfornicus mtDNA with those from D. panamintinus 
are for a subsection ofthe sequence, positions 88-225. The 14 unique changes (six transitions and eight transversions) in D. californicus 
described in the legend to Fig. 4 have been included in the matrix here 
Table S. Genetic variation in mtDNA of three subspecies of 
Dipodomys panamintinrLS 
Mean 
Number pairwise 
Number ofmito­ sequence Genetic 
of indi­ chondrial differ- diver-
Subspecies Date viduals genotypes ence (%)• sity (h) 
A 1911 14 7 1.60 0.89 
1988 20 7 1.72 0.86 
Both 34 12 1.66 0.89 
B 1937 21 6 0.44 0.61 
A 1911 
1988 
c 1917 
1988 
B 1937 
1988 
1988 19 3 0.22 0.29 2 1 0 
Both 40 7 0.33 0.47 Percent sequence difference 
c 1917 8 4 1.51 0.64 
1988 24 4 0.56 0.37 Fia. 7. Population t.-ee relating the six population samples of 
Both 32 5 0.79 0.43 kangaroo rats from three localities and two times. Corrected per­
A + B + C Early 43 16 2.18 0.89 cent differences, D, were computed from the values in 1 cible 4 
1988 63 14 2.16 0.84 by means ofEq. (1). The tree was built by the U PGMA method 
Both 106 23 2.20 0.86 and rooted at the midpoint of the greatest interpopulation dis­
tance. This root is similar in position to that obtained with D. 
• Between individuals (not between mtDNA types) californicus as an outgroup. 
Table 4. Extended 
Bl B2 B3 B4 B5 B6 B7 C1 C2 C3 C4 C5 D. californicus 
7 
4 
6 
4 
5 
6 
6 
2 
6 
5 
8 
6 
r-­
-

l 
0 
0 
0 
0 
~ 
0 
0 
l 
0 
9 
8 
5 
7 
5 
6 
7 
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3 
7 
6 
9 
7 
1 
-

1 
I 
I 
I 
1 
1 
I 
2 
2 
1 
10 
6 
s 
5 
3 
4 
5 
5 
3 
5 
4 
7 
5 
I 
2 
-
0 
0 
0 
0 
0 
0 
I 
0 
9 
6 
3 
5 
3 
4 
5 
5 
3 
5 
4 
7 
5 
l 
2 
2 
-
0 
0 
0 
0 
0 
1 
0 
9 
8 
3 
7 
5 
6 
7 
7 
3 
7 
6 
9 
7 
8 
5 
7 
5 
6 
7 
7 
3 
7 
6 
9 
7 
8 
5 
7 
5 
6 
7 
7 
3 
7 
6 
9 
7 
I 1 I 
2 2 2 
2 2 2 
2 2 2 
- 2 2 
0 - 2 
0 0 -
0 0 0 
0 0 0 
1 1 I 
0 0 0 
9 9 9 
7 
6 
6 
4 
5 
6 
6 
4 
6 
5 
8 
6 
6 
7 
7 
5 
7 
7 
7 
0 
I 
0 
6 
7 
5 
5 
4 
5 
7 
5 
7 
4 
7 
7 
7 
8 
8 
6 
8 
8 
8 
2 
5 
2 
I 
2 
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Ple) are exceedingly small (i.e., not significantly dif­
ferent from 0.0%). By contrast, the mean difference 
between localities ranged from 1.5 to 2.0%. This 
result emphasizes how very similar the museum 
samples are to their modern counterparts. 
Molecular Trees 
We have also analyzed the phylogenetic relation­
ships ofthe mtDNA molecules and present two trees, 
one for the museum mtDNAs and the other for the 
modern mtDNAs (Fig. 8). Each tree is divisible into 
lineage segments, 22 for the museum tree and 21 
for the modern tree; more than half of these seg­
ments are shared between the two trees and are des­
ignated by thick lines in Fig. 8. Moreover, the most 
frequent types in each population are derived from 
these shared lineages. So, the two trees are quite 
similar. 
The outgroup used to root the modern and mu­
seum trees is D. californicus. For a subsection ofthe 
sequence compared among the D. panamintinus 
samples (positions 88- 225), D. californicus has 14 
additional substitutions and a 1-bp length difference 
at positions not variable among the D. panaminti­
nus samples (Figs. 4 and 5). In addition, the pairwise 
differences lack the transition bias found within D. 
panamintinus (Table 4). Based on pairwise differ­
ences D. californicus is outside the D. panamintinus 
subspecies sampled and also shows effects of mul­
tiple hits based on its loss of a transition bias.2 
ln both molecular trees, the B clade and part of 
the C clade appear to stem from clade A. In partic­
ular, both the Band C clades are clearly related to 
l The population tree (Fig. 7) and the two molecular trees (Fig. 
8) differ in the placement of the root. Whereas the root of the 
population tree falls on the B lineage, the roots of the modem 
and museum trees fall on A and C lineages. This discrepancy in 
root placement may reftect the relatively large distance between 
D. californicus and D. panamintinus. The lack of transition bias 
suggests that the observed difference between D. californicus and 
D. panamintinus (13-16%) may be a severe underestimate and 
that multiple-hit phenomena may be significant, affecting the 
exact placement ofthe root based on the present character states 
in D. californicus 
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Fig. 8. Trees relating 23 types of mtDNA from the Panamint 
kangaroo rats. Modem: Tree for 14 types of mtDNAs from D. 
panamintinus collected in 1988. Museum: Tree for 16 types of 
D. panamintinus mtDNA from museum specimens. Heavy lines 
represent lineages shared between the two temporal trees; lineages 
unique to a temporal sample arc shown with thin lines. Asterisks 
mark the lineages where a chromosomal mutation leading to 
subspecies B occurred. The branching orders for the trees were 
in each case derived from II sites (among the 19 variable po­
sitions in Fig. 5) that are phylogenetically informative for re­
lating the modern or museum D. panamintinus mtDNAs to one 
another. The sequence of D. ca/ifornicus mtDNA (Fig. 5) was 
used to root the trees constructed. Each tree shown is a strict 
consensus one. That for museum specimens is the resultant of 
nine equally parsimonious trees, each ofwhich requires 25 mu­
tations at 19 variable positions {consistency index = 0.84). The 
consensus for modem specimens was derived from four trees, 
each of which requires 22 mutations at 16 variable positions 
(consistency index = 0.82). The strict consensus tree for all 23 
types of D. panamintinus mtDNA, derived from nine equally 
parsimonious solutions, each requiring 32 mutations at 19 vari­
able positions, differs from the trees shown only in placing 84 
outside the cluster of the remaining B types and abolishing the 
lineage uniting A 12 with A9 plus A I I. 
the A2 and A8 lineages. In addition, the subspecies 
(C) with the fewest types and lowest diversity con­
tains two very deep lineages, one leading to C3 and 
another to Cl , C2, C4, and CS. 
Discussion 
Distribution of Variation 
The finding that the TAS is conserved relative to 
the putative D-loop portion of the control region 
(Fig. 4 and Table 2) is consistent with a functional 
role for theTAS in termination ofthe D loop (Brown 
et al. 1986). An alternative explanation might in-
Table 6. Observed and expected pairs ofindividuals with iden­
tical mitochondrial types between temporal samples 
Number of identical 
Sub- Number Probability pairs 
species of pairs• of identity~> Expected< Observed 
A 280 0.11-0.14 31-39 24 
B 399 0.39-0.71 156- 283 214 
c 192 0.36-0.63 69-121 98 
• The total number of pairwise combinations between modern 
and museum samples 
• The probability ofidentity is related to the diversity (h) in Table 
5 and is equal to 1-h. The range for 1-h reflects the h values for 
each of the two temporal samples 
• The range of expected identical pairs reflects the different di­
versities in each of the temporal samples 
elude a higher mutational load for the triple-strand­
ed region (Olivo et al. 1983). A comparison ofevo­
lutionary rates for these sequences to rates at silent 
positions of protein-coding genes should shed light 
on these alternative hypotheses. 
The human control region has been shown to 
evolve at approximately five times the rate of the 
mitochondrial genome as a whole (Greenberg et al. 
1983; Cann et a1. 1987). Based on the nonrandom 
distribution of variation in the kangaroo rat se­
quence, we would not expect this segment of the 
Dipodomys control region to be evolving as fast as 
the entire human control region. We assume here 
that this 225-bp sequence is diverging by 3.5% per 
million years, based on the assumption that only 
the rapidly evolving D-loop region is evolving at 
the high rate. 
Regional Continuity ofMitochondrial 
Genotypes 
Lineage Maintenance 
For locality A, 10 of the 12 types are not shared 
between the 1911 and 1988 samples. Based on the 
genetic diversity at locality A (h = 0.86-0.89), the 
probability that any two individuals chosen at ran­
dom will have the same type is 0.11-0.14 (Table 6). 
If the two temporal samples are drawn from the 
same population, then the number of pairs of in­
dividuals that share mitochondrial types between 
temporal samples is expected to be the product of 
the probability of identity and the total number of 
pairwise combinations between temporal samples. 
Therefore, of the 280 possible pairs at locality A, 
we expect 31-39 pairs to share types. The observed 
number (24) is not significantly different from that 
expected (Table 6). The apparent deficiency ofshared 
genotypes between temporal samples at the A lo­
cality is thus consistent with a large population size 
and no change in genotype frequency with time, 
---
rather than, e.g., being attributable to migration 
events or population bottlenecks. For the B and C 
samples, the observed number of individuals that 
share mtDNA types is much higher than in A (Fig. 
6 and Table 6). Again, the observed numbers of 
Shared genotypes between temporal samples are not 
different from the expected numbers (Table 6). 
At locality B we find the frequencies of mito­
chondrial types not to be statistically different in 
1937 and 1988. Assuming a generation time of be­
tween 1 and 2 years, the effective population size 
over the 25-50 generations separating the two sam­
Ple Points would have to be very small (approxi­
~ately 25-50 females) in order to detect a difference 
tn genotype frequency between the museum and 
modem samples. Because the population sizes are 
expected to be orders of magnitude larger (Table 1 ), 
our finding that the frequencies ofthe mitochondrial 
types are invariant during this period is a direct 
observation completely consistent with the theory 
that the mitochondrial differences are neutraL 
The locality representing the subspecies with the 
fewest individuals (C) has the highest probability of 
experiencing changes in mitochondrial genotype fre­
Quencies over the time between samples. The mi­
~ochondrial genotype frequencies in Fig. 6 do not 
tndicate any significant change in frequency oftypes, 
~nd the number ofobserved pairs with shared types 
lS consistent with expectation (Table 6).3 It is note­
Worthy that ifonly the present-day population had 
~een sampled, the observation of a very divergent 
hneage (C3, Fig. 8) at locality C could have led to 
the suggestion that much of the variation in the C 
Population is due to immigration events. Our dia­
chronical approach shows that, at least for the 71 
Years sampled, the C genotypes are present at the 
same frequency. 
Temporal Stability of Population 
and Molecular Trees 
The relationships among the three populations 
based on mean pairwise differences (Fig. 7) are clear­
ly the same for museum samples as for modem 
samples. The molecular trees (Fig. 8) make it evi­
dent that this congruency is the result of the persis­
tence of major lineages between the new and old 
Collections from all populations sampled. 
Nevertheless, most ofthe A genotypes in the mu­
seum tree are different from those in the 1988 tree. 
This is probably the result of there being a great 
Variety of Closely related mtDNA types in the A 
P?pulation. Consistent with this view, the A indi· 
Vtduals collected in 1911 are as diverse as those 
Nevertheless, we cannot exclude the possibility that both the B 
lind C populations have lost some variability over the period 
studied (Tables 5 and 6) 
collected in 1988 (Table 5). Thus, the congruence 
indicates that our phylogenetic hypothesis is robust 
to temporal variation and to the presence or absence 
of specific lineages and that mtDNA diversity has 
been maintained within each ofthe three geographic 
regions sampled.4 
Geographic Distribution ofMitochondrial 
Genotypes 
Geographic Substructure and Phylogeny 
There is a high degree of concordance for mtDNA 
types and geographic distributions, which implies 
little movement on a recent time scale. Only two 
out of the I 06 individuals break the association of 
each mtDNA type with a specific population. How­
ever, phylogenetically, this is not as true. The near­
est relative of a randomly picked type from the A 
or C localities is not always another A or C type, 
respectively (Fig. 8). Of the three populations the 
most phylogenetically distinct is B, where the near­
est relative of any B type is always another B type. 
That the B samples are monophyletic with respect 
to the A and C lineages is supported by an observed 
karyological difference among these subspecies. The 
B subspecies is unique in having a one-armed chro­
mosome in place ofa two-armed version present in 
the other four subspecies and in D. californicus 
(Dingman et al. 1971; Stock 1974), suggesting that 
the B karyotype is derived. If this chromosomal 
change were due to a dramatic event, such as a 
pencentric inversion, which could have severe 
meiotic consequences, a population bottleneck may 
have been required for this karyotype to become 
fixed. Although the observed karyological difference 
could be due to an inversion, the one-armed B chro­
mosome is also smaller than its counterpart in A 
(Stock 1974), suggesting that this may represent the 
meiotically mild loss of a heterochromatic arm. 
The mean pairwise differences and estimates of 
diversity within localities A and B (Table S) cor­
relate with estimates of population size based on 
geographic range (Table 1 ). By contrast, the sample 
of subspecies C, with an expected population size 
much smaller than B, has as much diversity as the 
B sample (Table 5). However, the range ofpairwise 
differences in C (from one to eight substitutions) is 
much larger than forB (one to three substitutions). 
This increased range may reflect immigration events 
from the large neighboring A population, which is 
geographically close to the C populati{)n, thereby 
inflating the estimate of C's population size. (Re­
moval of the two low-frequency divergent lineages, 
• Low-frequency lineages shared by populations (C5, B6) also 
underscore the importance of large sample sizes for valid sys· 
tcmatic interpretations 
l 
110 
0123456789 
Nt.rnber of differences 
Fig. 9. Frequencies of the number of differences between mi­
tochondrial sequences for all possible pairs of animals within 
each of the three localities. The total number ofpairs is 561 for 
A, 780 forB, and 496 for C. 
C3 and C5, reduces the mean pairwise difference 
dramatically.) Ifso, further sampling may reveal the 
presence ofC3 and C5 in subspecies A. Shared lin­
eages are likely to be a remnant ofa time when these 
subspecies had contiguous geographic ranges. The 
vegetational history indicates that their ranges were 
contiguous as recently as 13,000 years ago (Mc­
Carten and Van Devender 1988), a time much 
shorter than the times to common ancestry for all 
three subspecies. 
The A samples are clearly derived from a more 
diverse population than either the B or C samples, 
indicating a large effective population size for A 
relative to the latter two populations. That it may 
have served as a donor population for the other less 
diverse subspecies is supported by the rooted trees 
(Fig. 8) and consistent with the biogeography of the 
northern Mojave region and the heermanni group 
ofkangaroo rats, to which D. panamintin.us belongs. 
The diversity observed at locality A further suggests 
that, although kangaroo rats are highly sedentary 
(Jones 1987, 1989), this does not preclude the ex­
istence of high levels of variation within localities. 
A more complete survey ofthe temporal and spatial 
mitochondrial variation in D. panamintinus should 
contribute greatly to an understanding of the pop­
ulation dynamics and evolution of this species as 
well as the faunal history of the Mojave region. 
Geographic Substructure and Pairwise Distances 
Another way to evaluate the evolutionary history 
of these subspecies is to compare the distribution 
of pairwise distances within each locality sampled 
(Fig. 9). The distribution in population A differs 
from that found in B and C in two important ways. 
First, it has a low frequency in the zero difference 
class. By contrast, both B and C are dominated by 
the zero difference class, as a result ofhaving a large 
proponion of individuals ofa single genotype. Sec­
ond, the genotypes found in the A population are, 
in general, more distantly related to one another 
(Table 5 and Fig. 8). Both ofthe above observations 
concerning population A are consistent with its hav­
ing a larger long-term effective population size than 
B or C (Avise et al. 1988). Large population sizes 
are expected to increase diversity and reduce the 
frequency of the zero class by increasing the prob­
ability of lineage survival over time. The increased 
probability oflineage survival would be expected to 
increase the frequency of more divergent classes as 
seen in the A population. 
Morphological differences among the three sub­
species are subtle, and, although mean values differ, 
there is substantial overlap in the distributions of 
these differences. A review of the original descrip­
tions (Merriam 1894; Grinnell1918; Hall1946) and 
subsequent taxonomic reevaluations (Grinnelll922; 
Hall1946, 1981) indicate that these three subspecies 
differ in the following manner: On average subspe­
cies B is the largest (head + body + tail), C is in­
termedjate, and A is the smallest. The auditory bul­
lae ofBare the most flattened, ofA the least flattened, 
and those of C again intermediate. Within subspe­
cies geographic variation is to be expected. The pub­
lished descriptions are from specimens at each of 
the three type localities. The mtDNAs from sub­
species B and C are also from the type locaHties, 
whereas our A sample is 51 km away from the type 
locality for D. p. mohavensis. 
Authenticity ofSequences from Museum Skins 
It has been shown before that PCR can amplify 
DNA sequences from museum specimens (P~Hibo 
and Wilson 1988; Thomas et al. 1989) as well as 
from archaeological remains (Paabo et al. 1988; 
PiHibo 1989) and that direct sequencing ofthe am­
plification products is essential for correct sequences 
to be determined (Paabo and Wilson 1988), as bac­
terial cloning may introduce errors due to misrepair 
of lesions present in old DNA. The present study 
expands these results and demonstrates the routine 
nature of amplification and direct sequencing of 
DNA from museum specimens, in that the extrac­
tion, amplification, and sequencing of43 out of 49 
museum specimens were accomplished.5 
'Six museum specimens of population C (D.p. panamintlnus) 
had to be excluded from analysis because more than one mito­
chondrial sequence was visualized in the sequencing gel, although 
The authenticity of the sequences obtained is 
shown by the fact that the sequences from many of 
the skins dried in 1911, 19 I 7, and 1937 are identical 
10 the sequences determined in modern specimens 
or fall into the appropriate clade (Figs. 7 and 8). If 
the methods employed here had introduced errors, 
the sequences derived for museum specimens would 
not be identical to those from modern specimens. 
~or would the types of changes (transitions) and 
distribution ofchanges follow expected patterns. Se­
q~ence differences among museum specimens are 
distributed along the mitochondrial molecule in ac­
COrdance with the functional constraints model (Fig. 
2 and Table 2), and transitions dominate among 
museum specimens. It is thus clear that museum 
specimens represent a vast new source ofmaterial 
for studies at the DNA sequence level- a resource 
tbat includes approximately one million mammal 
SPecimens in North American collections alone 
O'ates et al. 1987). 
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Appendix 
The individual animals yielding each ofthe 23 types of mtDNA 
are listed below according to MVZ catalogue numbers. Museum 
sklns from all the individuals listed are available at t11e MYZ. 
Numbers preceded by asterisks refer to modem specimens (i.e., 
those collected in 1988) with tissues preserved in the MVZ frozen 
collection. 
A1--*176537, *176541,*176548, *176562,*176563, 16082, 

16094, 16095,16112;}l2--*J76540, *176542, *176543, *176555; 

A3--*176538, *176544, *176556, *1 76561; A4-- *176545, 

• 176546, *1 76564; AS--*176536, *176551, 16085, 16086; A6-­

*176558; A7--*176557; A8-- 16080; A9--16078, 16096; AI0-­
16087, 16089; A11--16084; A 12-- 16126, 16 127. 

Bl-*176579, *176583-176594, *176596-176598 80023­
80025, 80027. 80030, 80031,80033, 80034, 80037, 8004.1, 80042, 

80044, 80045; 82-*176580, *176581 , 80026, 80029, 80040; 

83--*176595; 84--80035, 80036; 85--80032; 86--80039; 87­
80038. 

C t--*1 76566-176570, *176572, *176573, *176575, • 176576, 

*176578, *176602-176606, *176609-176612, 26854, 26856, 

26857, 26863, 26866; C2--• 176571. • 176607; C3--*176574, 

*176599, 26865; C4--*176601, 26872; CS--26849. 

The six museum specimens ofD. p. panamintinus. that yield­

ed two sequenoes (see footnote 5) are MVZ numbers 26846, 

26848, 26852, 26853, 26859, and 26861. 

